Microwave impedance measurements indicate a non-linear absorption anomaly in single wall carbon nanotubes at low temperatures (below 20 K). We investigate the nature of the anomaly using a time resolved microwave impedance measurement technique. It proves that the anomaly has an extremely slow, a few hundred second long dynamics. This strongly suggests that the anomaly is not caused by an intrinsic electronic effect and that it is rather due to a slow heat exchange between the sample and the environment.
I. INTRODUCTION
Conductivity of single-wall carbon nanotubes (SWCNTs) remains an intensively studied subject due to the potential applications of SWCNTs as interconnects 1 or switching elements 2 . It is well known that SWCNTs 3, 4 are quasi one-dimensional conductors 5 whose electronic properties are determined by the structure. SWCNTs can be either metallic or semiconducting in a 1 : 2 ratio of abundance for mean tube diameters above ∼ 1 nm 6 . This intermixed nature of conducting properties on one hand are advantageous (as it allows for contacts and semiconducting elements in the same sample) but it is on the other hand a hindrance as sorting according to the metallicity is required.
It was clarified that metallic SWCNTs form the socalled Tomonaga-Luttinger liquid 7,8 phase 9-15 while the semiconducting SWCNTs have a diameter dependent gap of about 0.5 − 2 eV which is appropriate for transistor or optoelectronic applications. In addition to their underlying tubular structure (which we call "primary" structure), SWCNTs form a hexagonal arrangement, known as bundles (the "secondary" structure), due to van der Waals force 16 . The bundles also form a tertiary structure which is better known as an SWCNT "spaghetti". Eventually the conduction is mainly limited by the bundlebundle interaction in the tertiary structure (e.g. in the form of Schottky barriers) even when in the underlying metallic SWCNTs provide a percolated metallic interconnected network.
Resistivity for a macroscopic SWCNT sample was shown to be characterized by a semiconductor-like temperature dependence 17 :
with a T c = 10 . . . 100 K (using the notation in Ref. 17 ). This is due to the bundle-bundle contacts that act as transport barriers. Microwave conductivity, based on the microwave cavity perturbation [18] [19] [20] , is a contactless method with a large sensitivity to relative changes in the conductivity. It proved to be efficient e.g. for the characterization of air sensitive fulleride conductors 21, 22 and black phosphorus 23 , where conventional contact methods are impractical. The technique relies on the measurement of the cavity quality factor, Q, that changes in the presence of the samples. For powder samples, such as fullerides or SWCNTs, the method has the highest sensitivity for the electric conductivity when the sample is placed into the maximum of the microwave magnetic field and the node of the electric one 22 . It turns out that Q ∝ ̺, which allows to study the relative variation of the latter quantity. The microwave technique essentially yields the DC conductivity since the microwave frequency (∼ 10 GHz) is much lower than the typical value of the plasma frequency (a few 100 THz).
SWCNTs are considered to be efficient microwave absorbers (that can find applications in e.g. the defense industry) due to their porous nature, excellent thermal stability, and good heat conductivity 24 . Nevertheless, a thorough description of the fundamental microwave absorption properties is necessary prior to their successful applications.
Corzilius et al. 25, 26 reported microwave conductivity measurement on SWCNTs using the cavity perturbation method. A semiconducting-like temperature dependence of Q ∝ ̺ was observed above ∼ 20 K. However, an unexpected low temperature anomaly was also observed; the cavity quality factor showed a maximum followed by a decreasing Q on further lowering the temperature. The temperature of the maximum depended on the applied power, its value shifting toward higher temperatures with increasing power. It was argued in Refs. 25 and 26 that the anomaly originates from a true electronic effect and a possible occurrence of superconductivity was suggested. The effect was reproduced in Ref. 27 on different SWCNT samples (arc discharge instead of "supergrowth" CVD samples) and using a different detection scheme (fixed frequency irradiation instead of a frequency sweeping in Refs. 25 and 26) . This showed that the effect is ubiquitous to SWCNTs.
Herein, we study this non-linear microwave absorption effect further. The focus is on unraveling the nature of the anomaly. We employ a recently developed time resolved Q measurement 28,29 which allows one to monitor the cavity Q factor change with a microsecond time resolution. The data taken at 10 K indicates that the microwave irradiation induced Q factor change has a very long time constant (a few tens or hundred seconds).
For the opposite process, i.e. after irradiating the cavity with microwaves, it recovers to its low microwave power value after a similarly long waiting time. This behavior shows that the non-linear microwave absorption in SWCNTs is a process with an extremely slow dynamics, which strongly argues that it is related to heating effects rather than to an electronic process which should follow a prompt behavior. Experimental setup used to measure the cavity Q factor with high time resolution. The sample is placed inside a TE011 copper cavity which is inside the VTI. The cavity is coupled to the microwave circuit with two inductive loop antennae in a transmission configuration. A microwave source drives the LO of an IQ mixer and the cavity switch off transient is measured when microwaves are stopped with a PIN diode. A low noise amplifier is also part of the circuit as well as two DC blocks to remove unwanted switching spikes.
II. EXPERIMENTAL

VTI
We studied SWCNT samples from the same batch as in Ref. 27 and these samples were used for a number of other studies including Raman 30,31 , magnetic resonance [32] [33] [34] , and EELS studies 35 . As a result, these are thoroughly characterized samples with wellknown diameter distribution, number of tube defects, and electronic properties. In brief, these are commercial arc-discharge grown SWCNTs (Nanocarblab, Russia, Moscow) with mean diameter of 1.4 nm and diameter standard deviation of 0.1 nm. A fine powder of the sample (about 5 mg with a diameter of 3 mm and height of 2 mm) was placed in a quartz tube, first heated to 500
• C to remove contaminations and then sealed under 20 mbar helium exchange gas for the low temperature measurements. It is important to note that this low pressure helium gas inside the quartz tube remains in the gas form down to 10 K of our cryostat measurements, it therefore retains the good heat conduction properties. The sample is inside a TE011 copper cavity with an unloaded Q ≈ 10, 000 and resonance frequency of f 0 ≈ 11.2 GHz. We do not correct the measured loaded Q values with the unloaded (empty) Q values since the sample provides much enough load and such a correction would not affect the interpretation of the data. The cavity is inside the VTI of a cryocooled cryostat (Cryogenic Inc.) which allows operation down to 3.2 K. We performed most measurements at 10 K, where the cryostat can be well stabilized and efficiently operated for the required long measurement times.
The cavity is coupled to the rest of the microwave circuit with two loop antennae in a transmission configuration. The transmission is advantageous as it avoids unwanted parasitic microwave signals which are related to the use of microwave duplexers in a reflection geometry 36 . This microwave setup is detailed in Refs. 28 and 29. It consists of a source which drives the LO of an IQ mixer as a detection circuit. Microwaves with variable power excite the cavity whose switch off transient is detected with a fast oscilloscope whose signal is Fourier transformed. The latter yields the cavity resonance profiles and a Lorentzian fit gives the resonance bandwidth, ∆f , and the resonance frequency f 0 , then Q = f 0 /∆f is obtained. The switch off is generated with a rapid PIN diode and the transmitted microwaves are amplified and filtered with a DC block against the PIN diode switching signal. We used attenuators in order to keep the RF signal level constant on the mixer, independent of the power which irradiates the cavity.
The loaded cavity has a typical Q ≈ 3, 000 − 5, 000 which corresponds to a cavity transient time τ = Q/2πf 0 ≈ 50 ns. This means that the method allows essentially to measure the cavity Q factor down to about 50 ns − 1 µs (the value depends on the Q value). We also employ a more conventional frequency swept Q measurement method in order to reproduce the previous results on the non-linear microwave absorption. 
III. RESULTS
In Fig. 2 ., we show the cavity Q factor as a function of temperature for two different values of the irradiation power. Above ∼ 20 K, the sample behaves as a semiconductor in agreement with the expectation, since Q ∝ ̺ in this type of measurement. This is followed down to the lowest temperatures for a low level of microwave irradiation. However for a larger irradiation, an unexpected downturn of the Q factor is observed. This reproduces well the observation in Refs. 25-27. It is tempting to associate this downturn to the heating of the sample to higher temperatures, which is schematically indicated by an arrow in the figure. We envisage that if the sample was heated from 10 K to 30 K, as the curved arrow in Fig.  2 . hints, the downturning of Q factor effect could be explained. The alternative explanation in Refs. 25 and 26 was that it is a true electronic effect. To settle this issue, we performed time resolved Q factor measurements.
Before presenting our results, we briefly discuss why conventional Q factor measurements are not capable of providing information with a good time resolution. The simplest and most conventional way to obtain Q values of microwave cavities is to sweep the frequency of a source and to detect the cavity response 37, 38 . The frequency sweep time is usually limited to a few 10 ms or seconds and is normally repeated several times. This means that the sample and cavity is irradiated with the microwaves for relatively long periods of time, therefore no time resolved Q values are available. Certainly, the lowest limit for any time resolved Q measurement is the time constant of the cavity itself, τ , which can be as long as a few seconds for ultra high Q resonators but its value is typically a τ ≈ 50 − 500 ns for a common copper cavity.
The recently developed cavity transient method fills the gap between the few 10 ns and few seconds range as it allows to determine the Q factor for as short as 10 × τ . It is based on irradiating the cavity on resonance with microwaves for about 5 − 10 × τ in a pulsed manner 28, 29 . During this time, the cavity accumulates a sizeable energy from the microwave irradiation and stores it. The cavity starts to emit the stored energy immediately following the switch off, whose time decay envelope is an exponential function with the time constant τ . The power of the Fourier transformed signal (considering the real and imaginary outputs of the IQ mixer) yields directly the resonance curve. A fit to the curve yields the Q factor. Time resolved heating and cooling curves of the cavity Q factor in SWCNTs when the VTI is kept at 10 K. For heating, the pulse length is varied and all curves start from the same initial Q value. Note the much longer cooling dynamics and also the different horizontal scale for the two types of experiments.
To investigate the time dynamics of the non-linear mi-crowave absorption, we performed two types of experiments. In the first type, we start irradiating the sample with short microwave pulses after it was allowed to thermalize for a longer period of time (200 s) without microwave irradiation. The pulses themselves serve two purposes: they irradiate the sample in a controllable manner and also the pulses allow to read out the state of the cavity. The second experiment consists of irradiating the sample for a long period of time (200 seconds) and then applying short microwave pulses to read out the Q factor of the cavity. To simplify to subsequent discussion, we refer to these experiments as "heating" and "cooling". In Fig. 3 ., we show the variation of the cavity Q factor during heating and cooling in a time resolved manner. For both types of measurements, we detect switch off cavity transients after the microwave pulses with a repetition time of 1 sec. The dynamics of the system showed that this is sufficient, although repetitions with a much shorter timescale would be possible. The peak power in each pulse was 10 mW, which produces the microwave absorption anomaly according to Fig. 2 . For heating, we employed irradiation pulse lengths of 100 µs, 1 ms, 10 ms, and 100 ms. We observe that the cavity Q progressively decreases for a given pulse length experiment with the same time constant of about a 100 sec. The asymptotic Q value is smaller for longer pulses.
For the cooling experiment, we let the sample thermalize for 200 sec, when no microwave irradiation is employed. This is followed by a massive irradiation of 10 mW power applied for 200 seconds, afterwards read-out pulses with a duration of 1 µs were used. The result is also shown in Fig. 3 . The cooling has a slower dynamics as compared to the heating.
Note that the effect is by no means related to the copper cavity as for other type of samples, e.g. the K 3 C 60 , we did not observe a similar effect down to the lowest temperatures 39 . The observed time dependence of the microwave cavity Q factor change therefore suggests that it is intrinsic to SWCNTs. In addition, the slow dynamics strongly suggests that it is related to heating or cooling effects as we do not know of another process which could explain this behavior. In view of this, the previous hint in Fig. 2 ., i.e. that the downturn of Q with increasing power is due to heating, is reinforced.
IV. DISCUSSION
The cause of the anomalous heating effect present in single walled nanotube bundles is probably related to its unique heat conduction properties, which is expected to be very high, according to theoretical predictions around 2000 − 6000 W/m·K [40] [41] [42] . However these extremely high values are only reported for along the nanotube axis 43 at room temperature. In addition, the heat conductivity vanishes rapidly with decreasing temperature and drops below 2000 W/m·K at 100 K, and the process is generated by acoustic phonon freeze-out 24 . The thermal conductivity is expected to actually become 0 as temperature approaches zero. The situation worsens when the investigated sample is bulk, which causes the drop of κ to the range of 50 to 200 W/m·K at room temperature [44] [45] [46] . However, these data were also taken for magnetic field aligned SWCNTs (and measurements were done in the nanotube axis). In contrast, perpendicular to this axis the values of κ ⊥ are at least 3 orders of magnitude smaller, around 1.5 W/m·K at 300 K 47 . The thermal conductivity is expected to be at least 10 times smaller than this value at 10 K due to the phonon freeze-out 24 . Taking into account that our sample consists of unaligned tubes with short lengths, one expects the thermal conductivity to be as low as in glasses at low temperatures. Not to mention that shorter length, lattice defects and vacancies also lower the value of κ, each by a factor of 1 − 3 40 . Besides the thermal conductivity, thermal diffusivity may also play a role in the observed phenomenon. Considering these findings and Fourier's law of thermal conduction with homogeneous heating, it can occur in a mm sized sample (such as our samples) that even when the tubes at the cryostat interface are at 10 K, the tubes inside the bulk of the sample can be at 100 K or even higher temperatures. This cannot be compensated even with the surrounding He exchange gas. Heating of the inside of the sample occurs as the porous powder does not limit the penetration of microwaves. The heating forms hot spots and during the Q measurements, these are averaged together with the colder SWCNTs on the outside of the sample, thus an effective drop in the resistivity is observed.
V. SUMMARY
We presented a time resolved measurement of microwave conductivity in single wall carbon nanotubes. The experiments indicate a non-linear microwave absorption anomaly which occurs with an extremely slow timescale (of a few hundred seconds). This suggest that heating of the SWCNTs is responsible for the anomalous behavior as a truly electronic effect is expected to occur on a much faster timescale. The result may explain some of the low temperature microwave anomalies in carbon nanotubes.
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